The preparation of Ti 50 Cu 28 Ni 15 Sn 7 metallic glass composite powders was accomplished by mechanical alloying of pure Ti, Cu, Ni, Sn and WC for 18 ks. In the ball-milled composites, initial WC particles were homogeneously dispersed in the Ti-based alloy glassy matrix. The metallic glass composite powders exhibited a large supercooled liquid region just below the crystallization temperature. The presence of WC nanoparticles did not change the glass formation ability of amorphous Ti 50 Cu 28 Ni 15 Sn 7 powders. The as-milled Ti 50 Cu 28 Ni 15 Sn 7 and composite powders were consolidated by vacuum hot pressing into compact discs with a diameter and thickness of 10 and 4 mm, respectively. Microstructural analysis showed that the bulk metallic glass composite contained submicron WC particles homogeneously embedded in a highly dense nanocrystalline/amorphous matrix. Incorporation of WC into consolidated composite compacts resulted in a significant increase in hardness.
Introduction
Recently, new metallic glasses with a wide supercooled liquid region exceeding 20 K have been prepared in a number of Ti-based alloy systems, such as Ti-Ni-Cu, 1) Ti-Ni-CuAl, 2) Ti-Zr-Ni-Cu-Al, 3) Ti-Ni-Cu-Sn 4, 5) and Ti-Ni-CuSi-B.
6) The development of these new alloys is expected to expand the applications of bulk metallic glass due to their high specific strength to weight ratio, good ductility and relatively low cost of fabrication. The mechanical properties of these unique materials may be further improved by the presence of ceramic or insoluble metallic particles embedded in the amorphous matrix, which can suppress the propagation of shear bands thereby increasing the toughness and ductility of the glassy matrix composite. [7] [8] [9] However, the preparation of a glassy matrix composite by casting often results in partial crystallization at the interface between the amorphous and ceramic phase. Moreover, the differences in densities or melting points among the raw materials of metals and particles make it difficult to prepare cast samples. An alternative way to prepare an amorphous alloy is by mechanical alloying (MA). MA, being a solid-state reaction method, allows the preparation of glassy composites whilst circumventing the difficulties associated with casting.
10) The product material of MA is prepared in powdered form. The consolidation of MA powders into bulk specimens is possible due to the characteristic viscosity minimum in the supercooled liquid region. 11) MA has been used to successfully prepare amorphous Cu-and Zr-based composite powders. 12, 13) However, there are no reports concerning the formation of Ti-based composite powders by MA. In this study we have analyzed the feasibility of preparing Ti-CuNi-Sn metallic glass composite powders by MA of elemental powder mixtures with the composition of Ti 50 Cu 28 Ni 15 Sn 7 together with WC particles using a shaker ball mill. WC particles were chosen because of their high thermal stability and low chemical reactivity with the elemental powders involved in the MA process. The consolidation of Ti 50 -Cu 28 Ni 15 Sn 7 metallic glass composite powders into bulk form by a vacuum hot-pressing method was also performed. 14) The asmilled composite powders were consolidated in a vacuum hot-pressing machine at 723 K under a pressure of $1:2 GPa to prepare bulk amorphous discs with a diameter of 10 mm and thickness of 4 mm. The structures of the as-milled and bulk samples were analyzed using an X-ray diffractometer, scanning electron microscopy and transmission electron microscopy. Thermal analysis was investigated using a Dupont 2000 differential scanning calorimeter (DSC), where the sample was heated from room temperature to 600 C under a purified argon atmosphere at a constant heating rate of 40 K/min. The Vickers microhardness of consolidated samples was measured with a Matsuzawa MXT50-UL machine using a static load of 0.5 N. Figure 1 shows the X-ray diffraction patterns of Scanning electron microscopy was used to observe the cross-sectional view of as-milled amorphous and composite powders ( Differential scanning calorimetry (DSC) was used to investigate the glass transition and crystallization behavior of the as-milled powders. The DSC scans of the as-milled Ti 50 Cu 28 Ni 15 Sn 7 monolithic glass and the three composites with WC particles are shown in Fig. 3 Based on the DSC results, the as-milled composite powders were consolidated by vacuum hot pressing into a disk with a diameter of 10 mm and thickness of 4 mm. The powders were hot pressed at 723 K under a pressure of 1.2 GPa for 1.8 ks. Figure 4 shows a typical consolidated sample (Ti 50 Cu 28 Ni 15 Sn 7 with 8 vol% WC addition) of bulk metallic glass composite that exhibited a smooth outer surface and metallic luster. The polished cross-sectional view examined by SEM is shown in Fig. 5 . The WC particles of submicron size are homogeneously dispersed throughout the sample and no pores or voids were observed. Taken together, these results indicate a bulk metallic glass (BMG) composite with a high densification was successfully prepared.
Experimental Procedure

Results and Discussion
We also examined the microstructure of the bulk metallic glass composite Ti 50 Cu 28 Ni 15 Sn 7 with addition of 8 vol% WC by transmission electron microscopy (TEM). The bright field image shows WC particles with the size smaller than 300 nm were observed. [ Fig. 6(a) ]. As revealed by the SEM in Fig. 5 , the WC nanoparticles were distributed homogeneously within the amorphous matrix. TEM with a higher magnification revealed that the WC nanoparticles embedded within the BMG matrix have irregular shapes and range in size from 20 to 300 nm. Figure 6(c) shows the selected area diffraction (SAD) pattern of the amorphous matrix (bright area in the bottom right corner). A diffuse halo with limited diffraction spots was observed, which is characteristic of an amorphous matrix. However, the SAD pattern of the WC nanoparticles exhibit crystalline diffraction spots. These results imply that the BMG composite was successfully In order to better understand the variation in hardness among different mechanically alloyed BMG composites, normalized hardness (denoted as H v, norm ) proposed by Eckert et al. 17) was calculated by dividing the measured hardness with that of the BMG matrix (i.e., 6.2 GPa, hardness of Ti 50 Cu 28 Ni 15 Sn 7 BMG). The normalized Vickers hardness for various BMG composites produced by consolidating the mechanically alloyed powders is illustrated in Fig. 7 . The influence of particle content in the glassy matrix on the normalized Vickers hardness can be revealed from the slopes of the linear regression fits (three different fits are shown in Fig. 7 nanosized particles display a moderate increase in hardness ($15% for V f ¼ 10%). However, a significant increase in hardness ($38% for V f ¼ 10%) was observed in the present study using Ti 50 Cu 28 Ni 15 Sn 7 BMG containing homogeneously dispersed WC particles with a size range of 20-300 nm. The TEM microstructural investigations suggest that our mechanically alloyed Ti-based BMG composite samples can be modeled as a nanocomposite consisting of nanoparticles embedded in the amorphous matrix. Because it is difficult to envisage any dislocation inside the nanoparticle and amorphous phases, the hardening effect induced by the dislocation motion in both phases of the composites can be neglected. Recent results of finite element analysis of the unit-cell model 19) suggest that, assuming no specific interaction between the nanoparticles and the amorphous matrix, the overall hardness of a nanocomposite can be described by a rule of mixtures based on the volume fraction and the hardness of each phase:
where H and V refer to hardness and volume fraction of each phase. The subscripts 'am' and 'p' denote the amorphous matrix phase and nanoparticle phase, respectively. The linear increase of normalized Vickers hardness as shown in Fig. 7 agrees well with the results expected from such a rule of mixtures.
Conclusions
In the present study, amorphous 
